This study prepared a 5052H112 alloy under different cold-rolled reductions to explore its microstructure and mechanical properties. The experimental results indicated that the cold-rolled specimens had good tensile properties and better vibration fracture resistance, due to the high densities of dislocation and small aspect ratio of crystal grain. The stress-elongation curves of all specimens showed the serrated yielding. The high densities of dislocation and small aspect ratio of crystal grain introduced by cold-rolling could hold the mobile dislocations long enough to let Mg atoms form atmospheres around them. In addition, the crack propagation behavior of all specimens showed that slip bands can be observed in the vicinity of the main crack and be suppressed by increasing the cold-rolled reduction. Crack propagation showed that rolled specimens exhibit decreasing crack propagation rates with increased matrix strengthening (cold-rolling). Therefore, it can be concluded that a large number of dislocation tangles introduced by cold-rolling are effective in improving mechanical properties.
Introduction
In the recent years, weight reduction has become a key issue for automotive manufacturers. For this reason, Al-Mg (aluminum magnesium) alloys (5XXX series) have great attention in automotive industry due to their excellent high strength and weight ratio; corrosion resistance, weld ability and recycling potential. Therefore, aluminum alloys could replace heavier materials in the automobiles to reduce the automobile weight. Meanwhile, requirements for fuel consumption, environmental laws, and global warming issues have significant influence on the choice of the materials. 13) Al-Mg alloys have been used in many transportation systems that could possibly experience abnormal vibration processes. In particular, severe fracture problems could occur as an applied vibration frequency meets with resonance. 46) Studies of this failure are necessary in order to ensure the reliability of the applications. From our previous reports, 6) the resonant vibration cracks often initiate at different stress concentration sites on the surface and grow simultaneously into the body of the specimen. This study examined a commercial 5052 Al-Mg alloy to explore its crack propagation behaviors under resonant vibration. Tests were performed on 5052 Al-Mg alloys, which are classified as non-heat treated alloys, prior to cold-rolling in order to control normal variations of mechanical properties.
Furthermore, the advantages of this alloy include good corrosion resistance, high mechanical properties, and excellent formability. Thus, it can be used in car body applications. Since 5052 Al-Mg alloys have great potential for microstructural evolution through deformation processes, and possess enhanced mechanical properties, 5) which could also affect crack propagation behaviors under resonant vibration, it is necessary to study the effects of prior deformation on the 5052 Al-Mg alloys under different cold-rolled reductions. Previous reports have pointed out that 7, 8) high densities of dislocations and grain boundaries introduced by a pre-strain can enhance the strength and the ability for absorbing the vibration energy, thus improving the crack propagation resistance of Al-Mg alloys. However, the effects of the different pre-strains on vibration behavior of 5052 Al-Mg alloys are still not clear. In this investigation, we aim to clarify the effect of prior deformation of a 5052 Al-Mg alloys base metal on microstructural features, tensile properties and vibration fracture resistance under different amounts of prestrain.
Experimental Procedures
The material used in this study was hot rolled aluminum alloy 5052H112 (H112 temper is strain hardened as the final operation). The chemical composition (mass%) of the 5052H112 alloy is listed in Table 1 , which is prepared with different cold-rolled reductions (12%, 25% and 50%) along the rolling direction at room temperature (25°C). In this study, the base metal was designated as "BM". The rolled sheets of 12%, 25%, and 50%, were designated as "R12", "R25", and "R50", respectively.
Microstructural features of the specimens were examined by optical microscopy and transmission electron microscopy (TEM). The thin-foil disk specimens of HF2000 FE-TEM were cut 3 mm in diameter from the matrix of the different cold rolled specimens and were then jet electropolished by an electrical discharge machine in a 50 ml HNO 3 + 200 ml CH 3 OH solution at 248 K. To study the Vickers hardness profile in the vicinity of the main crack, the Vickers indenter was set to be a 0.98 N for 15 s. In tensile tests, the rolled sheets were cut along the rolling direction, and had a strain rate fixed at 8.3 © 10 ¹4 s ¹1 . To explore the effects of microstructural features, tensile test specimens, with 15 mm gauge in length and 3 mm in thickness, were used.
Results of vibration tests on the specimen's shape and dimension are illustrated in Fig. 1(a) . Figure 1 (c) schematically depicts the vibration set-up. To generate the vibration, one end of the test specimen was clamped on a vibration shaker. The two V-notches adjacent to the clamp were designed to confine the resonance to a location between them. Deflection of the specimens at the other end, opposite the vibration shaker, was measured using an acceleration sensor. In this study, two kinds of vibration test were performed. First, acceleration of the vibration shaker was fixed at 1.1G as the vibrational fracture test. The effect of deflection amplitude on the cold-rolled specimens was investigated. Second, in order to obtain the close surface strain of each specimen, the initial deflection was fixed to 6.5 mm as the vibrational fatigue test. The crack propagation rate and vibrational fracture behavior near the V notches were investigated. G represents the acceleration of the gravity constant, which is 9.8 m·s ¹2 . In order to determine the resonance frequency, taken from the one leading to the largest deflection, the vibration frequency was scanned continuously, as shown in Fig. 1(b) . The resonant frequencies for all specimens were detected as within a range of 42 « 1 Hz.
The effects of microstructural evolution of all vibration specimens on the crack propagation paths were examined by an optical microscope equipped with an image analyzer. All the specimens' surfaces were finished by polishing with 0.3 µm Al 2 O 3 , which allowed direct observation of the crack propagation path throughout the microstructure. Therefore, the crack propagation path could be observed directly on the specimen surface. To measure the crack propagation rate, the vibration test was temporarily stopped after 60 s of vibration and the sum of two projected cracks was calculated. Moreover, the quantitative data of crack tortuosity could be determined, as shown in Fig. 2 . Then, the value of crack tortuosity was defined as the length of the main crack divided by the projected length of the crack along its macroscopic propagation direction. The macroscopic crack propagation direction was parallel to the tip direction of the two V-notches (the notch is shown in Fig. 1(a) ). After the vibration test, we continued to control the deflection of the specimens until the crack propagation path was large enough, and then cut off the specimens along the crack propagation path using a cutting machine. The fracture surface of the specimens near the V-notches was observed by SEM. Figure 3 (a) shows a typical metallographic image of an AlMg alloy as a rolled 5052H112(BM) sample. A comparatively prolonged grain structure was observed in the coldrolled specimens, as shown in Figs. 3(b), 3(c) and 3(d). As seen, the prolonged grain of the structure increased with increased cold-rolled reduction. The aspect ratio (width/ length) of grain size in the cross-sections of BM, R12, R25 and R50 specimens were significantly different (BM: 0.56, R12: 0.33, R25: 0.20 and R50: 0.14). Moreover, the TEM images revealed that, in the matrix, there were few particles but many dislocations. The density of the dislocation increases as the cold-rolled reduction was increased, as shown in Fig. 4 . Figure 5 shows the stress-elongation curves. All specimens exhibited a similar serrated yielding behavior, but a slight difference in serrated flow was observed. The intensity of the serrated flow will be discussed in the next paragraph. The tensile results indicated that the strength obviously increased as the cold-rolled reduction increased (0.2% offset yield stress: 106, 205, 237 and 258 MPa, respectively, for BM, R12, R25 and R50 specimens). Conversely, the uniform elongation decreased as the cold-rolled reduction increased; however, the decrease was slight for the R25 and R50 specimens (BM: 16.7%, R12: 4.7%, R25: 3.0%, R50: 1.9%). It is clear that the effects of rolled specimens were significant improvement of strength and decrease in elongation. These features are shown in the comparison of Figs. 3 and 5. In particular, cold-rolled reduction was very effective in enhancing strength.
Results and Discussion

Effect of cold-rolling on microstructure and tensile properties
The stress-elongation curves (Fig. 5) show the serrated phenomenon, also known as the PortevinLeChatelier effect (PLC effect). PLC effect is the phenomena that solutedislocation occurs mainly at the obstacles commonly observed in all tensile test specimens held. The solute atoms diffused to these dislocations, causing atmospheres to form around them. When the deformation continued, the dislocations broke away from these atmospheres and multiplied, which led to serrated yielding. 911) According to previous studies, 12) a material with a rolled structure possessed serration anisotropy, whereas a fully re-crystallized material did not. This implies that the application of various cold-rolled reductions may result in variations in the serration magnitude. In this study, the high densities of dislocation and small grain size (a greater area fraction of grain boundaries along the line of the mobile dislocations), introduced by strain hardening; could hold the mobile dislocations long enough to allow Mg atoms to form atmospheres around them. 13) As a result, before necking of the specimen occurred, the PLC effect increased as strain-hardening increased. Figure 5 shows the serrated yielding behaviors for all specimens. The intensity of the serrated flow increased slightly as the cold-rolled reductions increased. This could be ascribed to the coldrolled reduction. As a result, the increase of the dislocation tangles and the decrease of the grain size, which are the main sources of obstacles, are as shown in Fig. 4 . Figure 6 shows the data of deflection amplitude versus the number of vibration cycles (D-N curves). Figure 6(a) shows that the D-N curves of all rolled specimens were recorded under identical accelerations (G = 1.1). This indicates that the initial deflection amplitude of the BM specimen was the lowest, and the initial deflection amplitude of the R50 specimen was the highest. Previous study indicated that the initial deflection amplitude is inversely proportional to the damping capacity of the specimens under identical accelerations. 4) Comparison of the initial deflection amplitude of Fig. 6(a) with the cold-rolled reduction shows that the initial deflection amplitude of the specimens was related to the coldrolled reduction. As a result, the initial deflection amplitude of the specimens tended to increase as the cold rolled reduction increased. To avoid the effect of damping capacity as far as possible, the vibration force (increase or decrease) of the specimens was controlled to obtain identical initial deflection amplitudes, thus, allowing measurement of the vibration of the D-N curves under identical initial deflection conditions (i.e. constant vibration strain conditions). Under the initial deflection of 6.5 mm, all the specimens exhibited a common trend. With increased vibration cycles the deflection amplitude increased in the initial ascending stage, then decreased in the final descending stage. The D-N curve also reveals a distinct plateau stage of maximum deflection amplitude in between the initial ascending stage and the final descending stage. However, the resonant vibration characteristics of the specimens were identified from the D-N curves, which can be divided into two stages, as indicated in Fig. 6(b) : Stage I (initial ascending stage or work hardening stage) and Stage II (final descending stage). The increased ability in work hardening raised the effective elastic modulus, and the deflection amplitude then increased with a decreasing damping capacity.
Effect of cold-rolling on vibration fracture resistance
14) The work hardening stage was designated as Stage I, and the vibration fracture resistance was considered being strongly dependent on the duration of Stage I. When the vibration cycles were prolonged, there was a significant decrease in deflection amplitude, which could be designated as Stage II. This was resulted from the inward propagation of major cracks and the deviation of the actual vibration frequency from the resonant frequency. 15) Our previous study 5) confirmed that Al-2.5Mg specimens showed a deviation of the actual vibration frequency from the resonant frequency when the deflection amplitude was decreased from the maximum value due to the reduced effective cross-sectional area of the test specimen. Therefore, the vibration life in this study can be defined as the vibration cycle number when the deflection amplitude reached its maximum value (i.e. the abovementioned duration of Stage I).
The Al-Mg alloys, with a high amount of Mg content and severe dislocation tangles, possessed greater tensile deformation resistance, which could be ascribed to the interaction between the dislocations and dissolved Mg. Although the high amount of Mg content and severe dislocation tangles tended to decrease the damping capacity under an identical acceleration, the initial ascending deflection was significantly suppressed under identical initial deflection amplitudes. 5) Therefore, the high Mg content and severe dislocation tangles was advantageous to enhance the crack propagation resistance. Figure 6(b) shows that, during Stage I, the deflections of all test specimens increased with increasing vibration cycles until reaching the maximum value. In this stage, the ascending deflection decreased with increased coldrolling reduction.
Meanwhile, the sum of two projected cracks versus the number of vibration cycles is shown in Fig. 7 . The crack propagation rate significantly decreased as the rolled reduction increased. Compared to the BM specimen, the cold-rolled specimens possessed a longer period of maximum deflection and a greater fracture resistance to crack growth. In particular, the R50 specimen had the longest period of maximum deflection, the best crack growth resistance and the longest vibration life. Figure 7 also shows that the cracks had already been generated in Stage I, and the crack propagation resistance of the R50 specimen was the best among all specimens. In this study, crack resistance can be divided into two stages: crack initiation and propagation. High densities of dislocation and small aspect ratio of crystal grain introduced by cold-rolling could enhance the strength and decrease the work hardening rate. As a result, the appearance of the initial crack tended to be slightly slow as the cold-rolling increased (Fig. 7) . In addition, due to different crack propagation rates, it is concluded that the change in matrix properties, rather than the crack propagation, is the major factor leading to the ascending deflection. As supporting evidence of this statement, the microhardness data revealed increased work hardening in this stage. During Stage I of ascending deflection (Fig. 6 (b) ), the microhardness in the vicinity of the main crack increased with increasing vibration cycles. Taking the BM specimen as an illustration, the original microhardness before vibration was 72.3 VHN. It increased to 88.5 VHN with vibration cycles of 5000 (see Fig. 6(b) , it is in the stage of ascending deflection). The final hardness reached about 95.2 VHN in the stage of maximum deflection. According to McGuire et al., 16) the increase in work hardening could raise the effective elastic modules, thus increasing deflection. This result agrees with the variation of n values, as listed in Table 2 . It can be concluded that the work hardening behavior plays an important role in ascending deflection.
The effective elastic modulus and resonance frequency of a material can be reduced by inducing cracks; 14, 17) the frequency can be regarded as the resonant frequency as long as the total crack length is not long enough to have an obvious effect on the reduction of the resonant frequency. Compared with the crack propagation rate (Fig. 7) and deflection data (Fig. 6(b) ), the cracks that continued propagating during vibration was induced quite early in Stage I of the ascending deflection. Cracking had a great effect on reducing the cross-sectional area of the test specimen, thereby reducing the resonant frequency. In a vibration test of constant vibrational frequency, such as in the current study, reduction of the resonant frequency by cracks suppressed the deflection since the vibration condition was no longer resonant. This implies that the phenomenon of descending deflection in Stage II (Fig. 6(b) ) was due to an increasing deviation in the test frequency from the resonant frequency. 17) Cold-rolling induced a large number of dislocation tangles and decreased aspect ratio of crystal grain (PLC effect increased), which improved matrix strengthening and reduced the crack propagation rate. Therefore, prior deformation of the 5052 alloys effectively increased crack propagation resistance, and thus, increased the vibration period of maximum deflection. Consequently, matrix strengthening by cold-rolling was regarded as one of the main factors affecting vibration fracture resistance. In addition, the number of dislocation tangles introduced by cold-rolling was greater, which can improve the tensile strength and decrease the work hardening. However, an ascending deflection of the D-N curve was reduced significantly under identical initial deflection conditions; this is another factor in improving the vibration fracture resistance.
The vibration fracture resistance was examined by observing the fracture path. Figure 8 shows the vibration fracture pattern, and all specimens commonly demonstrate a flat feature that is closely related to slip deformation behavior. This feature can further compare the results of Fig. 9 using the evidence of specimen BM. This agrees with findings shown in Fig. 8(a) where more slip bands cracking in the fracture path can be directly identified. Figure 9 shows the crack propagation behavior of the BM and R50 specimens. All specimens had similar crack propagation features, which reveal the appearance of slip bands in the vicinity of the main crack. Cold-rolling induced a large number of dislocation tangles and decreased aspect ratio of the crystal grain, which suppressed the mobile dislocations in Fig. 9 and reduced the crack tortuosity in Table 2 . The slip bands in the vicinity of the main crack decreased with increasing rolled reduction. Our previous study confirmed that 18) a small grain size can increase vibration fracture resistance resulting from plastic deformation in the vicinity of the main crack. According to abovementioned observations, it is reasonable to suggest that the cold rolling plays an important role in affecting vibration propagation behavior. Table 2 The crack path of tortuosity and n value of the test specimens. Using an optical microscope, crack propagation paths of all surface etched specimens were observed as intra-granular fractures on Fig. 10 . A significant difference in vibration fracture resistance was correlated with the changes of crack tortuosity resulting from matrix strengthening by coldrolling. Thus, pre-deformation plays an important role in improving the vibration fracture resistance of the 5052 H112 Al-Mg alloy.
Conclusions
According to the experimental results discussed in the previous sections, the following conclusions can be drawn: cold-rolling, which is effective in improving tensile strength, is also significant in reducing the elongation of non-heat treatment of a 5052H112 Al-Mg alloy. The vibrational deflection increased initially with increasing vibration cycles. During this stage of ascending deflection, a crack had already been generated. Meanwhile, the microhardness at this region near the main crack also showed ascending behavior. After the initial ascending deflection (Stage I), the main crack grew to a critical length, the effective cross-section area of the specimens reduced. All specimens deviated from the actual vibration frequency resulting in the deflection amplitude decreasing from its maximum.
Cold-rolling has a great effect on increasing this period of maximum deflection under identical initial deflection conditions. A large number of dislocation tangles introduced by cold-rolling can reduce the work hardening rate and crack propagation rate, thereby improving the vibration fracture resistance of a 5052H112 Al-Mg alloy. 
